Background Migration has been implicated as a risk factor for autism, but evidence is limited and inconsistent.
Introduction
Autism spectrum disorders (ASD) are a heterogeneous group of pervasive developmental disorders characterised by qualitative impairments in social interaction, communication and restricted and stereotyped patterns of interests and behaviours. Recent studies estimate that about 1% of the child population [1] [2] [3] may have an ASD, representing almost a 20-fold rise in prevalence compared to reports before the 1980's. 4 Although much of this sharp rise in prevalence may be explained by widening of diagnostic criteria and increased recognition, a true increase in incidence of autism cannot be ruled out 4, 5 and constitutes an 'urgent public health concern'. 3 While highly heritable, the aetiology of autism spectrum disorders is not well understood. In the context of rising prevalence, the search for environmental risk factors is increasingly important.
Migration is one such factor that has attracted research interest, with Vitamin D deficiency and ethnicity suggested as possible explanatory mechanisms.6,7 . However, previous studies on the topic of migration and risk of ASD vary markedly in quality, sample sizes and definitions of autism. They have also produced inconsistent findings, including reports of an increased,7-12 similar8,9,13,14 and even decreased13,15 risk of autism in children of migrants. There is some evidence that any positive association between parental migration and autism may be confined to autism with comorbid intellectual disability,6 with at least one study reporting a lowered risk for autism with normal or high intelligence. 16 Clarification of the role of migration in the development and detection of ASD may give aetiological insights and help reveal preventable health inequalities. Attention to the possibility of such health inequalities is particularly important in countries like Sweden where, since the 1970s, migration from outside of Europe has principally consisted of the provision of asylum to people fleeing armed conflict or other extreme adversities. Migration in this context may entail exceptionally stressful circumstances and be linked to social disadvantages both in the home country and during resettlement. 17 We therefore studied the association between migration and ASD in a large, Swedish total-population based sample, concentrating on four important aspects that remain unexplored: i) characteristics of parental region of origin (both geographical region and an index of human development ) ii) the importance of timing of migration in relation to the birth of the index child and iii) discrepancies in observed associations between low and high-functioning autism and iv) the potentially explanatory role of obstetric and socioeconomic factors.
Methods

Study design and study population
We conducted a matched case-control study nested within the Stockholm Youth Cohort, a register based cohort of all children aged 0-17 years living in Stockholm County between 2001 to 2007 (N=589306). Cases of ASD were ascertained using an exhaustive multi-source case ascertainment method through data linkage with official registries covering all pathways of assessment or care of autism spectrum disorders in Stockholm County (see Methods in the data supplement). All Swedish citizens, including migrants with a residence permit, have unique national identification numbers that allowed record linkage with relevant registers for our study.
In the present study, we excluded children who were adopted, were resident in Stockholm County for less than 4 years, had one parent born abroad or had missing data ( Figure DS1 ). Asylum seekers without a residence permit were by default excluded. Ethical approval was given by the research ethics committee at Karolinska Institutet, Stockholm, Sweden.
Case ascertainment
Sweden's child public services system is provided free of charge and used by the overwhelming majority of the population. All infants and preschool children are offered structured health and developmental assessments to screen for developmental and medical problems in well-baby clinics. Such an assessment with evaluation of social, motor, language and cognitive development is carried out at age 4, in order to ensure timely referral of children with suspected autism to specialist services. Referrals can also be requested by parents, schools and other health or social care agencies. Diagnoses of ASD in Stockholm County are made by specialist multi-professional teams at paediatric or child-and adolescent mental health services. Guidelines require the use of structured diagnostic assessments covering the child's social, medical and developmental history, observation of the child in naturalistic settings, and a structured neuropsychiatric assessment including cognitive testing using standardised and internationally recognised tools (such as WISC, WPPSI, SON-R, and Leiter). 18 The County Council offers follow-up care to children with diagnosed autism which includes special education, occupational therapy, social care or other services through its habilitation services. The habilitation services for children with ASD in Stockholm County are organised and provide care according to presence of comorbid intellectual disability (defined as an IQ of 70 or less). We identified children with ASD via registers covering the above healthcare pathways: that is, child-and adolescent mental health, habilitation, paediatric out-patient or in-patient services (see Methods in the Data supplement).
We studied ASD as a group and dichotomised into high-functioning autism (HFA: defined by the absence of a recorded comorbid intellectual disability, IQ<70 by international and Swedish convention) and low-functioning autism (LFA: defined by the presence of a recorded comorbid intellectual disability). This strategy of sub-categorisation was based on literature pointing these as two key categories for future classification 19 and since the information on DSM-IV sub categories was not readily available in all registers.
Previous studies have validated the diagnostic accuracy of mental health and autism diagnoses recorded in Swedish healthcare registers and have found them to have good validity. 20 Similar findings have also been found in neighbouring Denmark which has a similar system of healthcare and official registries. 21 We furthermore conducted a validation study, including 200 (100 HFA and 100 LFA) randomly selected cases from the Stockholm Youth Cohort. Case notes were scrutinized by a Child and adolescent psychiatrist (SI) and a Neuropaediatric registrar. An ASD diagnosis was confirmed in 170 (96%) of cases in whom complete records were retrieved (n=177), while clear evidence in support for the HFA and LFA dichotomy based on cognitive assessments was available in 88 and 76% of instances respectively (details available on request). Finally, we cross-validated our cases against information from a national population-based study of twins (the Child and Adolescent Twin study in Sweden-CATSS). 22 We identified 27 cases of autism spectrum disorders among the twins in the Stockholm Youth Cohort and 24 (89% [95% CI 71-98%]) of these had an ASD confirmed in CATSS (according to parental reports and A-TAC, a screening interview targeting neurodevelopmental disorders. 23 Virtually none (<1%) of the non-case twins in our study (n=2721) received an ASD diagnosis in CATSS.
Exposure and other variables
Prospectively recorded information on children and their parents were retrieved by linkage with registers that contain data based on mandatory reporting. This information included country of birth; date of immigration to Sweden; family income at birth or (for children born abroad) at the earliest measured point in childhood; and pregnancy outcomes, including birth weight for gestational age, gestational age and Apgar score at 5 minutes (see Methods in data supplement).
Using mother's country of birth, migration status was first studied by geographical region of birth (United Nations definitions, available at http://unstats.un.org/unsd/methods/m49/m49regin.htm) and then by level of human development (using the UNDP Human Development Index, a composite indicator of development derived using indicators of life expectancy, education and income, available at http://hdr.undp.org/en/statistics/indices/hdi). These two groupings were employed to capture different dimensions of the parental countries of origin that may be of importance for the development or detection of offspring autism. These dimensions include, for example, ethnicity or environmental factors related to geographical region, as opposed to level of civil unrest or aspects of deprivation related to poor human development. The mother's country of origins was used to characterise parental background, since the paternal and maternal countries of birth were largely identical in children with both parents born abroad.
Data analysis
Ten randomly selected controls (that were alive and free of autism) were matched to each case by birth date and sex. We conducted conditional logistic regression analyses to estimate crude and adjusted odds ratios (OR) as estimates of relative risks and their 95% confidence intervals (95% CI) for ASD according to parental region of birth and the timing of the mother's immigration in relation to the child's birth. We also studied the mutual effect of maternal region of birth and maternal timing of migration in the same model among migrant children only. We tested for trends using the Cochrane-Armitage method.
All models were adjusted for maternal age (<20, 20-29, 30-39, 40+ years) and paternal age (<20, 20-29, 30-39, 40-49, 50+ years) at the child's birth, and for family disposable income (in quartiles) at birth or in childhood. To study if any observed associations between maternal region of birth and LFA were mediated by birth outcomes, we repeated our analyses with additional adjustment for birth weight for gestational age (being small for gestational age or not), gestational age (<32, 32-36, 37+ weeks) and Apgar score at 5 minutes after birth (<7, ≥ 7). Since these obstetric data were not available for children born outside Sweden, this analysis was restricted the subsample of children born in Sweden. All analyses were conducted overall and according to the sex of child, using SAS 9.2 (SAS Inc., 2008).
Results
We identified 4952 cases of ASD comprising 2855 children with HFA and 2097 children with LFA ( Supplementary Figure 1) . Our study population for this paper was restricted to the 3918 children with ASD meeting our inclusion criteria, comprising 2269 children with highfunctioning and 1649 children with LFA ( Supplementary Figure 1) . Twenty-one percent of our total study population had both parents born outside of Sweden. The mean duration of residence of the children to migrant parents in Stockholm County varied somewhat with region of origins, but was by definition always over 4 years, and in all age groups exceeded the age and period typically required for detection and diagnosis of ASD (Table DS1) . Table 1 depicts the ORs for ASD in relation to maternal geographical region of birth among children with both parents born abroad as compared to children with both parents born in Sweden. As a combined group, ASDs did not appear to have any clear association with migration status. Yet, when this association was examined separately for HFA and LFA, clearly divergent relationships were observed ( Table 2 ). The odds of LFA was increased in children of migrant parents (crude OR 1.5, 95% CI 1.3-1.7), and this relationship varied with region of maternal birth. Children of parents born in Sub-Saharan Africa had especially elevated odds, but also those with parental origins in Northern Africa, Latin America, Caribbean's and Southern Asia were more often diagnosed with LFA than children of Swedish born parents. In strong contrast, children of migrant parents appeared to have a reduced odds of HFA (crude OR 0.5, 95% CI 0.5-0.6) ( Table 2) . Notably, this inverse association was observed in almost all groups of migrant children, including those in which increased associations with LFA were not observed. The odds of LFA increased with decreasing human development index in the country of parental origin (p for trend <0.0001, Table 3 ). For HFA, the odds in migrant children were instead almost half that of children with parents born in Sweden, except when parents originated from countries with very high human development (Table 3) .
There was a non-linear association between time since maternal immigration and odds of LFA ( Figure 1 , Table DS2 ). Children of mothers who migrated during pregnancy had the highest odds (crude OR 2.3, 95% CI 1.7-3.0), while children born abroad and arriving in Sweden after the age of 4 had an OR below unity. When both the maternal timing of migration and region of birth were considered simultaneously in a mutually adjusted model, both characteristics were independently associated with LFA (Table 4) . No pattern in OR's with timing of migration was, however, evident for HFA.
The relationships reported above were not affected by adjustment for parental age (Tables 1-4) , or for obstetric complications (in an analysis restricted to children born in Sweden, see Data Supplement Table DS2 ). Adjustment for family disposable income, a characteristic highly correlated with migration from low income countries, partially attenuated the positive associations between parental migration and LFA (Tables 1-4 ).
The relationships between maternal geographical region of birth and HFA as well as LFA were similar in boys and girls (data not shown). a Adjusted for maternal and paternal age at child's birth and family disposable income at child's birth or in early life, as applicable.
b Among children with both parents born abroad. 
Discussion
In this large population based study in Stockholm County, we found children of migrant parents to be at an increased risk of autism with intellectual disability. This risk appeared greatest in children of parents who migrated to Sweden from regions with low human development index, and peaked when migration occurred around the time of pregnancy. In contrast, the risk of autism without intellectual disability was reduced regardless of timing of migration, and for most regions of parental origin.
Comparison with previous studies
One recent study in Malmö, Sweden presented separate associations for risks of autism with and without intellectual disability and found results strikingly similar to ours, albeit in a much smaller sample of 250 cases. 16 All other population-based studies with individual-level data have only examined migration as one of several risk factors, [8] [9] [10] [11] 13 often simply defining migration status as 'mother born abroad'. These studies generated inconsistent findings, with parental migration either not related to ASD 8, 9, 13 or associated with a higher [8] [9] [10] [11] or lower 13 risk. This inconsistency may be partly explained by differences between studies in their definitions of autism and the proportion of children with associated intellectual disability (Table DS4 ). Other studies on this topic lacked individual level control data. 7, 12, 14, 15, [24] [25] [26] and reported similar or increased risks of autism in children of migrant mothers, except one study from Israel 15 which found a reduced risk in Ethiopian migrants (Table DS4) .
Increased risk of LFA in children of migrant parents
One possible explanation for the observed association between mother's (employed as a proxy for both parents') country of birth and risk of LFA is that the underlying ASD rates vary in different countries of origin. It is difficult to examine this possibility, because very little is known about indigenous prevalence of ASD in low and middle income countries. 27 Difference in risk by ethnicity or skin colour is another possible explanation (e.g. reflecting darker skin pigmentation increasing the risk of maternal vitamin D insufficiency during pregnancy 6 ), although a British study found little evidence of an independent ethnic effect on the risk of autism in the absence of maternal migration. 7 Studies from the US have reported both elevated 13 and reduced 3 risks of autism in non-Hispanic Black and Hispanic children compared to White children, and provided some evidence that Black ethnicity may be linked to autism with, but not without, comorbid intellectual disability. 28 Further research is required, but the above evidence suggests that factors beyond ethnicity may be important in the relationship between migration and LFA.
In recent decades, many non-European migrants to Sweden have been asylum seekers, often migrating under exceptionally stressful circumstances and often facing social disadvantages both in the home country and during resettlement. To try to capture this dimension of the migration experience we studied whether the association between migration and ASD varied according to the human development of the maternal country of birth, and found increasing risks of LFA with decreasing levels of human development.
One key and entirely novel finding of this study was that the risk of LFA varied with timing of maternal migration. The risk of LFA appeared to be highest when migration occurred in the year before birth. This result is important, since it provides further evidence against ethnicity or case ascertainment differences being the main explanations of the parental migration-LFA association. Furthermore, it indicates that environmental, and hence possibly preventable, factors associated with a stressful parental migration process and acting in utero may be implicated in the aetiology of LFA.
While we were unable to study many potential causal mechanisms directly, we investigated whether the increased risk of LFA in migrant children was explained by obstetric complications, parental age or family disposable income. Since we did not have access to obstetric data on children born abroad, these analyses were conducted in the sample of children born in Sweden. Apart from income, consideration of which may have comprised an over-adjustment since low income was almost always a feature of families originating from regions of low human development, these factors explained little of the observed associations. Instead, our results are compatible with the 'maternal stress theory´. 29 Maternal stress during pregnancy is a proposed risk factor for neuropsychiatric disorders in offspring 30, 31 , perhaps via impairments in foetal neurodevelopment due to dysregulation of the hypothalamic-pituitary-adrenocortical axis or epigenetic mechanisms. There is emerging evidence this may be applicable to autism 29 , but further confirmatory research is needed.
Several other hypotheses have also been conceptualised for the role of migration in impaired neurodevelopment and may underlie our findings, but have yet to be rigorously tested. These include maternal Vitamin D-deficiency, 7 poor maternal nutrition 32 , and early life infections. 33 These theories have also been posited for the effect of migration on psychotic disorders such as schizophrenia, but despite several lines of enquiry for over 40 years, the mechanisms behind these observed associations are unclear.
17,33
Reduced risk of HFA in children of migrant parents
Overall, the increased risk of LFA among migrants was balanced out by a decreased risk of HFA, such that migration status was not associated with ASD as a combined category. One intuitive explanation of this finding is misclassification of high-functioning individuals as low-functioning, due to inter-ethnic bias in diagnostic procedures related to language barriers, cultural misunderstanding, prejudice or differential properties of diagnostic instruments. This explanation is not, however, supported by closer examination of the association between migration status and LFA/HFA status as i) HFA was also less common in children to migrants from regions which had no elevated risk of LFA and ii) the risk of LFA peaked in children of mothers who migrated during pregnancy, while no similar trend with timing of migration was evident for HFA.
It is impossible to rule out discrete aetiological mechanisms leading to a true protective effect of migration on HFA, but we consider under-diagnosis of HFA in migrant children a more plausible explanation of our findings. Unlike intellectual disabilities associated with LFA, which may be easily recognised, the nuanced social deficits related to HFA in migrant populations may be missed or attributed to cultural differences. Also, a low perceived need for mental health care, stigma and lower awareness of service availability in migrant populations, 34, 35 may lead to reduced help-seeking in the absence of overt developmental delays. 36 The cross-cultural validity of assessment tools for autism is another area of future research, but whatever the reason for our results, they mirrored those of a smaller study in a different region of Sweden 16 and provide enough evidence to suggest ASDs with and without intellectual disability should be studied separately.
Strengths and Limitations
Our results must be interpreted in light of some limitations. In common with previous studies on this topic, our case ascertainment was based on service use; therefore it is impossible to tease out whether our findings are specific to development or detection of ASD. We were also unable to study if the increased risk of LFA in migrants is unique to autism or reflects risk factors for intellectual disability in general. We also did not have information on current ASD diagnostic subtypes, although it should be noted that our strategy of treating ASDs as a single group stratified by comorbid intellectual disability is supported by epidemiological evidence and reflects and an approach proposed by the DSM-V work group for future ASD classification 19, 37 The strengths of our study include its large sample and population-based design ensuring high external validity. The universal and free system of mandatory child development assessments in Stockholm County makes it likely that the large proportion of cases with at least severe autism in the community would have been identified and diagnosed. Furthermore, our multisource case ascertainment, using registries covering all pathways of autism care warrants that we captured the majority of diagnosed cases. Furthermore, our validation studies indicated that the case ascertainment had high sensitivity as well as specificity. This is an advantage as few studies use multisource case ascertainment approaches, and often rely on hospital discharge or healthcare records. A majority of autism cases may not have special healthcare needs which require hospital admission (instead more often requiring educational or social interventions).
Conclusion
In conclusion, our findings suggest that environmental factors associated with migration and acting in utero may contribute substantially to the risk of autism with comorbid intellectual disability. They also indicate that HFA may be underdiagnosed in children of migrant parents. Risk factors for low-and high-functioning autism may be markedly different, implying that these diagnostic subgroups should be studied separately. Migration during pregnancy could entail foetal risks, and policy measures to ensure comprehensive antenatal care for immigrant families from developing countries should be a priority. 
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B. Supplementary Tables and Figure
C. A systematic review of previous evidence
We aimed to find peer reviewed epidemiological studies studying the association of autism or any of its subtypes with migration of parents.
Method:
Anticipating few studies that specifically study this topic but several with a migration variable in analysis, we derived a broad search strategy in our systematic review of the literature.
We 42 and three were reviews. [43] [44] [45] References cited in the articles were also cross-checked and 2 further studies were identified. 11, 12 Fourteen studies were reviewed in three groups in decreasing order of likelihood of biased estimates-using a population based design with individual level data and attempts at adjustment for confounding, studies that did not have individual level control data but reported population level estimates using ecological/census data, and studies in other groups. Exact search strategy Database: EMBASE <1980 to 2010 Week 37>, Medline 1950 to present, PsycINFO <1806 to September Week 3 2010> Search Strategy: Table A1 ) (1 Australian, 2 Danish, 1 USA, and 1 Swedish) were based in the general population with individual level data on cases and comparison groups. Autism was ascertained in all of these from health service use data but no subtypes of autism were studied. Migration history was one of several risk factors studied and generally limited in detail to a measure of 'mother born abroad'. Maternal immigration was associated with either no or a higher risk of autism except the USA study which found children of Mexican mothers to have reduced risk of autism. Seven studies on this topic estimated risk of autism in children of migrant parents as compared to the general population, but lacked individual level control data and instead reporting prevalence or risk estimates from census or ecological data. The results revealed either similar or increased risks of autism in children of migrant mothers except one study from Israel which found a reduced risk in Ethiopian migrants. Keen et al's study in this group is the most detailed study on this topic so far and benefited from a relatively large sample size. All reports before year 2000 had small sample sizes often precluding meaningful statistical analysis. Our findings in context of previous literature: Our study has several strengths as compared to others. First, all previous studies have used clinical registries or samples for case ascertainment and may under ascertain higher functioning autism cases that are unlikely to present to child psychiatry services or be admitted to hospitals but rather require social, educational or other support as provided by Habilitation services. Secondly, no previous studies have investigated the differential risks of high and low functioning autism simultaneously. No previous studies have investigated the role of time since parental migration in this relationship. Most studies used a variable of mother born abroad in a larger of several other risk factors under study and were not adequately powered to conduct any in depth analysis. As compared to being born in a Nordic Country, for Europe or North America OR=1.6 (95% CI 0.9-2.9), adjusted OR=1.1 (95% CI 0.5-2.5), for outside Europe or North America OR=2.9 (95% CI 1.9-4.5), adjusted OR=3.0 (95% CI 1.7-5.2), adjusted for maternal age, parity, smoking during pregnancy, hypertension, diabetes, bleeding in pregnancy, mode of delivery, season of birth, gestational age, birth weight, Apgar score at 5 minutes, congenital malformations.
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